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Programmed cell death is central to hair biology, as 
the hair follicle undergoes cycles of growth (anagen), 
regression (catagen), and rest (telogen). During cata-
gen, the hair follicle shortens via a pathway of pro-
grammed cell death and apoptosis . The molecular 
mechanisms involved in this process have not been 
elucidated yet. Using reverse transcriptase-poly-
merase chain reaction, we examined in this study the 
expression in total skin, throughout one hair cycle, of 
a series of regulatory genes associated with apoptosis. 
We show that gene expression within skin is hair-
cycle-dependent. Transforming growth factor-13 was 
expressed immediately before catagen; therefore, it 
l!1ight be involved in the early signaling of this 
process. Tumor necrosis factor-13 was expressed dur-
ing catagen and might be involved in follicular ap-
T he hair follicle undergoes a cycle of growth (anagen), regression (catagen) , and resti.ng (telogen) phases. During catagen, th e lower foUicle shortens as the constituent cells undergo programmed cell death and apoptosis . Although the morphologic changes of the 
hair follicle during the cycle are well documented, the molecular 
biology of that cycle has not been described ill detail (for reviews 
see [1, 2]). In addition to the fo llicular changes, morphologic and 
molecular changes in skin dut;ng the hair cycle include variations in 
skin thickness [3]. perifoUicular m acrophages [4,5], and gene 
expression [6] . 
In his 1954 review [7], Chase concluded that "hair growth is a 
cyclic phenomenon intimately related with the structure and phys-
iology of the skin as a whole." One of the major open questions he 
raised, " which requires immediate attention, is how the bair 
growth cycle is controll ed ." In tlvs study, we searched for molec-
ul ar markers that might be implicated in the regu lation of catagen, 
using whole-skin analysis. Focusing on the controls of catagen, we 
examined, over the course of one hair cycle, the expression patterns 
of a series of genes that have been associated with apoptosis in other 
systems. Using a synchronized hair-growth sys tem and reverse 
transcriptase-polymerase chain reaction (RT -PCR) analysis of total 
skin , we show the associ 'lted sequentia l involvement of transform-
ing growth factor-f3 (TGF-f3) and tumor necrosis f.1ctor-f3 (TNF-f3) 
w ith follicular apoptosis. We suggest that a change in mRNA levels 
of apoptosis-associated transcription factors co uld signal or be 
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optosis. Several proto-oncogenes and transcription 
factors have been described in the regulation of 
apoptosis in other systems. Here we show that the 
transcript levels of c-nryc, c-myb, and c-jlU' changed 
immediately before or during early catagen and thus 
could be involved in the signaling or regulation of 
catagen. Levels of p53 remained constant throughout 
anagen and catagen, suggesting that p53 is not in-
volved in the developmentally induced apoptosis of 
the hair follicle. The variable expression throughout 
the hair cycle of the genes described demonstrates 
the dynamic changes of the skin and underscores the 
importance of studying the complete hair cycle when 
characterizing any molecule in skin. Key words: '.air 
cycleITGF-f3ITNF-f3. ] ]'lIIest Dermatof 104:78-82, 1995 
involved in the regulation of catagen. Because we focused on the 
molecular changes o ccurring immediately before catagen is identi-
fied morphologically, we believe that these genes cou ld indicate 
early events in the commitment for follicular regression. Because 
we demonstrate that gene expression varies with the specific cycle 
phase, these experiments also illustrate the importance of studying 
the whole hair cycle when ana lyz ing gene expression in skin. 
MATERIALS AND METHODS 
Animals and Hair-Growth Induction C57 B6 fema le mice, 6-S 
weeks old, were purchased from Charles River (Kingston, NY). Hair 
growth was induced by hair plucking, as described previously [S]. At the 
times indicated, the animals were sacrificed and total RNA extracted from 
whole skin (RNA Stat-60, Tel-Test D, Friendswood, TX, m,muf.,cturer's 
protocol) . At least three animals were used for each time point studied, and 
samples were analyzcd individually. To document the hair-cycle phase, we 
examined histologica lly a skin sample from each anima l using hematoxylin 
and eosin sta in [9] (data not shown). 
RT-PCR Two hundred nanograms of total-skin DNased RNA (Promcga 
WI, RQl RNase-frce DNase, manufacturer's protocol) from each sample 
was reverse transcribed (Gibco-DRL, MO, Superscript reverse transcriptase, 
manufacturer's protocol) using random hexamers (Gibco-.BRL). Reverse 
transcription products were PCR-amplified (Taq polymerase, Perkin-
Elmer-Cetus, cr, manuf:lcturer's protocol) using Cion tech primers, Clol1-
tech positive controls, and Clontech PCR protocols (Cion tech, Palo Alto, 
CAl for mouse TNF-{3, TNF receptors I and II , TGF-{3 (recogl1izing 
predominantly TGF-(31), C-IIIYC, c- lIIJ'b, c-j/l/l, and glycera ldehyde-3-phos-
phate dehydrogenase (G3PDH). T he p53 primers 4b and 6 and the PCR 
protocol were used as described [1 OJ. T he p53 cD NA that was used as the 
positive control was a gift of Or. V. Rotter. Apo-1/Fas PCR. ptimers 
were CGTCTGTTGCTAGATTATCGTCCAAAAGTGTTA (5') and 
CCCCATTGACTGTGCAGTCCCTAGCTTTCCTTT (3'), used at 40 
cycles of 1 min at 94 °C, 2 min at 45°C, and 2 min at 72°C. PCR. products 
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were analyzed on 2% agarose/e thidium bromide ge ls. We used an RNA 
sample that was not reverse-transcribed as a negative control for each PC R 
amplifica tion. Obta ining 110 band indicates th e lack of genomic D N A 
contamination . Plasmids containing cDN As of the relevant genes were used 
as positive contro ls (not shown). Migration of the R T-PCR. products on the 
gels was always identica l to the positive control s. 
RESULTS 
RT -PCR Analysis of the Cycle To understand the regulation 
of catagen, we examined throughout the hair cycle the pattern of 
expression of a series of genes implicated in the regulation of 
apoptosis. We an alyzed whole-skin samples because the signals that 
initiate and regulate follicular regression ha ve not been identified 
ye t. In tact, these unkn own signals could be of epithelial mid/or 
m esenchym al origin, and do not necessarily reside within the hair 
follicle. W e chose to look at transcriptional and not translational 
events beca use we were in terested in the em'liest signals that 
commit to, or indu ce, follicular regression. We chose the R T -PC R 
amplification assay for gene expression because it is more sensitive 
than Northern blo ts or RNase protection assays. It is impo rtant to 
note that this assay is only semiquantitative, as the ra te of the 
polymerase amplification is dependent o n sequence and secondary 
structure . T herefore, o ne cannot compare expression levels of 
diffe rent genes , but only the changes in expression of a single gene 
over the cycle . To compare the relative quality of the R T -PC R 
reactions , w e used the transcription level of G3PDH, a "house-
keeping" gene, as a control. G3PDH gene expression was found to 
be similar at all the times examin ed (Fig 1e) , allowing us to analyze 
the relative levels of expression for each candidate gene . 
This study represents the expression patterns of tota.l-skin RNA . 
T herefore, correlations with the hair cycle should not be confu sed 
with expressio n within the hair foUicl e. Man y ce lJ types within the 
skin could contribute to a cycle-dependent expression pattern . For 
exampl e, the mRNA level of the class II majo r histocompati bility 
complex molecules valies in whole skin throughout the hair cycle; 
these m arkers are not found within the follicle predominantly, but 
in the cells aro und it [4,5]. 
TNF-/3 and TNF Superfamily To study the possible role of 
T N F-{3 in the regression phase of the hair cycle, w e studied the 
expression pattern of T NF-{3 throughout the hair cycle. T NF-{3 
expression was no t de tected in telogen , was low during anagen , and 
increased during catagen (Fig 1a) . T he timing of its expression 
suggests that T NF-{3 could play an active role in the catagen 
pathway of programmed cell death. To identi fy the signaling 
pathway by w hich T NF-{3 might affect catagen , w e studied the 
expression patte rn of the two T NF receptors. As shown in Fig 1/" 
we found that T N F receptor I expressio n was very low in early 
anagen, increased slightly in full anagen , and was low again in late 
anagen , catagen , and te logen . T N F recepto r II expression was not 
detected within these p rep arations during any phase of the cycle 
(data not shown) . T hese data suggest that TNF-{3 acts in the skin 
through T NF receptor 1. Because the mRN A level of this receptor 
is not changed significantly, it is probable that th e level of the 
ligand, and not the receptor, is in volved in catagen. W e also studied 
the expression of the Fas ligand and the Apo-l / Fas recepto r. As 
shown in Fig 2a, Fas ligand mRNA levels cOITelated with g rowth 
of the follicle: they w ere not detected in telogen , increased during 
anagen , and were reduced i.n ca tagen . Apo-liFas receptor mRNA 
levels did not change sign ifi cantly during the hair cycle (Fig 211). 
With the exception of very early times after hair-growth induction, 
Apo-l/Fas transcriptio n levels were similar throughout the cycle . 
T hese data suggest that the mRNA levels of the Fas ligand and the 
Apo-l /Fas receptor are not involved in the I'egul ation of hai r-
follicle programmed cell death. 
TGF-/3 TGF-{3 expressio n also was studied durin g the hair cycle. 
As shown in Fig 3, TGF-{3 expressio n was res tricted to very late 
anagen and ea rly ca tagen and was not tound during la te ca tagen o r 
telogen . T hese data suggest that TGF-{3 might playa ro le in the 
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Figure 1. Expression of TNF-f3 (a) and TNF receptor I (II) in skin 
during the hair cycle. T NF-f3 express ion w as not detected between 10 
min and 6 h after hair-growth induction (data no t shown). Control (c) 
represents the expression ofG3PD H ill skin during the hair cycle using the 
sa ine reve rse transcriptasc reactio ns. T, tc1agen , before hair-growth induc-
tio n . T he tim e points indicated arc aftcr th e ind uction of hair growth . T he 
10-min to 6-h time po ints rcprescnt carly events in th c induction of hair 
g rowth , as \:vcll as t raun13-induccd gene expression. 1 d. carly anagcn; 8 d. 
late anagcn ; 16 d, vcry latc anagen/ prc-catagen ; 19 d. early catagcn ; 21 d , 
la te catagen ; M . size m arkers ( I OO-bp ladder. G ibco-BRL). H , O is a control 
fo r gcnomic DNA con tami natio n . Am,,,, indicates m obili ty of thc cxpcctcd 
PC R amplil1ler. 
early steps of the commitment to programm ed cell death or ill the 
induction of catagen . 
Transcription Factors: c-"'J,e, c -"'J''', C-jllll We studied the ex-
pression patterns in skin , during the hair cycle, of several transCl;ption 
f.,cto rs that are implicated in apoptosis in other systems. As shown in 
Fig 4a , C-lII l'C was eA-pressed in anagen ;md decreased in latc anagen 
and catagcn . In contrast, c-lIIyb and c-jllll were expressed throughout 
anagen, decreasing only in catagen (Figs 4" and 4e, respectively). 
Expression of c-lIIl'b slightly increased immediately before catagen . 
Because the expression level of these genes tended to change at tllC 
end of anagen and at the onset of catagen , they are probably not 
involved in cell death itself, but might be involved in tile signaling or 
the ini tiation of catagen. 
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Figure 2. Expression ofFas ligand (a) and Apo-lIFas receptor C") in 
skin during the hair cycle. Pas ligand expression was not dete cted 
between 10 min and 6 h after hair-growth ind uction (data not shown). 
Detail s are as given in Fig 1. 
p53 As shown in Fig 5, p53 mRNA levels were very low e arly 
after hair-growth induction . Transcript levels of p53 increased at 1 
d , remained constan t throughout 3nagen and catagen, and then 
decreased again in telogen. Because no appreciable changes in 
expression levels were found in catagen, we believe that p53 is not 
involved in follicular cell death . Our unpublished data indicated 
that induced bail' growth of mutant mice, whi ch lack the p53 gene 
product [11] , is indistiJ1guishable from that of wild-type contro l 
animals. T illS suggests that the expression of p53 is not essential for 
hair growth and cycling. 
Patterns of Expression During the Hair Cycle Table I 
summarizes the patterns of expression of th e genes studied during 
the hair cycle. Many of these patterns changed at 16 d a£ter 
hair-growth induction. T his tirrie pOUlt was morphologicaUy indis-
tinguishable from the 8-d pomt, which represents full anagen. It is 
also the latest time before the follicle begins to regress and 
apoptotic cells are visible. We beli eve that these changes inmR,NA 
levels of apoptosis-associated gen es represent the early molec\,llar 
events of catagen. 
DISCUSSION 
Straile et at [1 2] divided catagen into eight morphologic substages, 
named catagen I tllrough VIII. Catagen I was defined as a "theoretical 
F igure 3. Expression ofTGF-/3 in' skin during the hair cycle. TGF-/3 
express ion was not detected between 10 min and 6 h afte.· hair-growth 
induction (data not shown). Detail s are as given in Fig 1. 
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Figure 4. Expression of c- IIIyc (a), c-IIIyb (b), and c-jllll (c) in skin 
during the hair cycle. D etai ls are as given in Fig 1. 
stage" indistinguishable morphologically from late anagen (anagen 
VI). In tlus study, we present the first molecular tags for catagen I SkU1. 
Our data demonstrate that late in anagen, the SkU1 enters a "pre-
catagen" stage that is distinguishable from 3nagen skin molecularly but 
not morphologically. Table I summarizes the changing pattems of 
mRNA levels before or early Ul catagen. Because the pre-catagen 
c e 
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Figure 5 . Expression ofp53 in skin during the hair cycle. Detai ls are 
as given in Fig 1. 
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Table I. Expression Patterns of Apoptosis-Associated 
Genes During the Hair Cycle" 
Phase of the Hair Cycle 
8 d, '16 d, pre- 19 d, Early 21 d. Latc 23 d. 
Gene Anagcn Catagen Catagcn Catagcn Tclogen 
TGF-{3 + + / -
T NF-{3 + + ++ + + 
T NF rcccp tor I + +/- +/- +/- +/-
T N F rcccptor II 
Fas ligand + ++ + + 
Apo-l/Fas + + + +/- + / -
c-lIIyc ++ +/-
c- lIIyb + ++ + + 1:"/-
c~il/l/ + + + / -
p53 ++ ++ ++ ++ +/-
II Comparisons ;Irc vaHd onl y for each amplified seq uence. within the different time 
points. and not amo ng the d ifferent genes. - . no detecmblc expression; + / - . w C:lk 
band ; +. stronger band ; + +. vcry strong b:md. 
molecular changes have no morphologic cOlTelates, they probably 
represent regulatory and not structura l changes. T he m<uor change in 
transcript level in total skin, which cOITelates with catagen, is the 
increase in TNF-f3 expression. T herefore, we suggest that this ligand 
might be involved in foUicular regression rather than in the initiation of 
catagen. 
TNF can induce either apoptosis or necrosis, depending on the 
cell type tested [13 ,14). T he two T NF receptors, I and II , can bind 
TNF- a or T NF-f3 and ta ke part in different signaling pathways [1 5). 
Our study suggests that T NF-f3 exerts its effect in skin via TNF 
receptor I and that the mRNA level of this ligand might be 
importa.n t for follicular regression . 
T he Apo-l/Fas antigen is implicated in the signaling of apoptosis 
[16 -19). Our data do not support a role fo r its regulated mRNA 
levels in the signaling of pre-catagen . A ligand for tlus receptor has 
been identified recently. We see no correlation between catagen 
and the Fas ligand mRNA levels, and believe that tlus ligand is not 
involved in the regulation of follicular death via the Apo-1 / Fas 
receptor. 
TGF-f3 comprises a family of proteins w ith a wide range of 
biologic activities, including both proliferation and apoptosis. Al-
though previously fow1d witlun the developing hair follicle [20,21 ), 
its role in the adult hair cycle is as yet unclear. TGF-f3 expression in 
the first hair cycle was studied using R T -PCR [22). O ne cannot 
strictly compare these resul ts to o ur data because of the fo llowing: 
1) different time points, 2) strain variation i.n the phases of the hair 
cycle, and 3) difFerences between the first hair cycle ,md the adult 
induced cycle. Overexpression of TGF-f3 in the epidermis of 
transgenic mice results in inlubi tion of both epidermal proliferation 
and hair-follicle formation [23), wluch suggests tha t ce LI s forming 
the hair germ are negatively regulated by TGF-f31. Mice with 
TGF-13 null mutation were found not to survive long enough to 
study their adult hair cycle (S. Yuspa, persona.l communication) . 
Whereas TGF-13 expression peaks late in anagen and durin g early 
catagen, T NF-13 peaks in late catagen (compare Figs la. and 3) . 
T hese da ta suggest that these ligands might be invo.I ved in a 
sequential process that leads to hair-fo llicle regression . However, to 
conclude that they are essential for catagen will require perturba-
tion of the relevant molecules in il/. IIillo or ill IIitro model systems. 
T he tran scrip tion fnctors C-lIIyC, c- lIIyb, and C-jllll are involved in 
the control of both cell proliferation and programmed cell death. 
The apoptotic celJ death induced by C-III)'C call be inh.ibited by bcl-2 
without affectin g the mitogenic activity of C- III)'C [24]. Expression of 
C-III)'C and N-III)'c throughout the fmt hair cycle has been described 
[22] . Sutton et nl [22] hypothesized that the local production of 
growth factors indu ces proliferation and later the sequential expres-
sion of transcription factors. Our data do not support the involve-
ment of T NF-13 or TGF-13 in induction of the transcription f.,ctors 
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studied here over the adult induced hair cycle. As mentioned 
above, a strict comparison between our data and those of Sutton et 
al [22) is not possible. 
We showed previously that /JCI-2, a protein that negatively 
regulates apoptosis, is e""pressed in skin in a hair-cycle-dependent 
fashion. Moreover, we demonstrated that its localization witlUn the 
hair follicle is hair-cycle-dependent [25]. Cooperative interactions 
between bcl-2 and C-III)'C were demonstrated in the regulation of 
apoptosis in other systems [24 ,26]. T he pattern of C-IIIJ'C expression 
during the hair cycle presented here, together witll our bcl-2 data, 
do not suggest a similar cooperative mech31usm in the regression of 
the hair follicle. T he proto-oncogenes examined in this study are 
not induced during programmed cell death. We suggest that their 
regu lated transcription is not involved in the cell death itself. 
However, changes in their expression levels before catagen might 
serve as a signal for the apoptotic machinery, whereas their reduced 
expression du';ng catagen could result from the apoptotic process. 
Many of the genes examined in this study showed an increase in 
expression approximately 1 h after the induction of hair growth (see 
figures). T lus could result from either early growth induction or 
t he trauma of hair plucking. Obviously, such trauma could result in 
(unprogrammed) cell death and induction of repair mechanisms. 
We have no tools yet to distinguish between these possibilities. 
T he tumor suppressor gene p53 is i.nvolved in apoptosis of 
systems in which a change in DNA content has been demonstrated 
(loss/ change of genes in tumor lines and damaged DNA after 
irradiation) . Therefore, we predicted that p53 expression would not 
c hange in the skin of cycling follicles. Indeed, our data indicate that 
p53 is not in volved in follicular apoptosis, wluch is developmenta.lly 
regulated and does not respond to DNA damage. 
T he expression levels of both p53 and bcl-2 are regulated 
throughout th e hair cycle. However, these gene products are not 
essential for hai r growth, as indicated by the p53 [11] and bcl-2 [27] 
n ull mutation experiments. We believe that we only definite way 
to show whether a gene product is essential to hair growtl1 31ld 
cycling is to create 311 aJu malmodel with a "tissue specific" ch311ge 
in the regulation of that gene. T he expression of test gene 
transcripts or th ei r antisense RN As, driven by a hair-specific 
promoter (such as the keratin promoters), could be a useful tool to 
study the role of tllese genes in the hair cycle. The overexpression 
of TGF-131 in the epidermis of transgeluc mice using the hut11aJ1 
keratin 1 promoter [23) is an example of such an approach . 
We have demonstrated a series of gene-expression patterns in 
skin during the hair cycle. These genes have been implicated in 
apoptosis in numerous systems. We show that gene expression 
w itlun the ski.n is hair-cycle-dependent. We demonstrate a change 
in the patterns of gene expression immediately before catagen, 
w hich might be involved in the regulation or initiation of catagen. 
As more molecules associated with the hair cycle are studied, these 
data will be useful for understaJlding not only fo llicular regression , 
but also cutaneous and fo llicular growth and dynamics. 
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